INTRODUCTION
The cuticle of the hair is derived from the cells in the centre of the matrix of the hair follicle. As these matrix cells move upward, a special cylinder, one cell thick, differentiates and finally becomes the highly keratinised, scale-like cells of the emergent hair.
In an earlier work (2) using the sectioning method a few incidental observations on the cuticle were made. Except for this work the only other observations using the electron microscope have been obtained on wool either by the replica method (12) or by disintegration methods (5) .
Details of the materials and methods which have been used in this investigation are described in the first paper of this series.
OBSERVATIONS
The morphology of the undifferentiated matrix cell has been described in the first paper of this series, and therefore the description of the cuticle will start with the first detectable change in this layer of cells. One observation on the plasma membrane of the matrix cell must, however, be described again, for it is this particular structure that is the first to be modified in what represents the first step in the differentiation of the cuticle. The membrane of the matrix cell appears in an electron micrograph as a thin black line which outlines the cell. This outline is extremely irregular; the cell surface is thrown into numerous pseudopods and invaginations (Text- fig. 2 .1A and Fig. 2.1 ). It is the smoothing out of the membrane that is the first detectable sign of the differentiation of the cuticle. This occurs at about a third of the papilla height, between the lower and mid-bulb. This smoothing out is the result of small areas of contact being formed between successive cuticle cells ( Fig. 2.1 ). In these areas, which are initially only about 1 micron in diameter, the two plasma membranes run strictly parallel about 100 to 150 A apart. The gap between them is filled with a material, which although less dense than the plasma membranes themselves, is significantly more electron-scattering than the material in the wider intercellular gaps (Text- fig. 2 .1B, Fig. 2.2 ).
T~.xr-FIG. 2.1. A diagrammatic representation of the various appearances of cuticle cell membranes. A represents the two membranes of two adjacent matrix cells. B indicates the first localised contacts, with cell cement between, and C the complete contact of two cells. D shows the intercellular layer higher up the cuticle, and E the final appearance of the membranes in the emergent hair.
The plasma membrane itself increases either in density or in thickness in these areas. There is a similar observation by Porter (8) on the epidermal cells of Amblystoma larvae in which he described a thickening of the membrane. However the fibrous intraceUular tufts observed by him were not seen in the hair cuticle.
These areas of contact rapidly increase both in number and in area, so that at a level of about half the height of the papilla, they have completely spread over the surface between the cuticle cells (Text- fig. 2.1C) . Although the cells of the inner root sheath are also in close contact at this level, the cuticle cell membranes are denser and easily distinguished (Fig. 2.3) . The cementing together of the surfaces of the cuticle converts the unorganised irregular cells into 217 an organised layer of cuboidal cells. It is a rapid process and is completed in the mid-bulb region of the hair follicle at the melanocyte level (M in Text- fig.  1 .1, Part 1). As mentioned in Part 1, the cortical cells become pigmented at this level--the cuticle is never pigmented.
The next change which the cuticle cell undergoes is primarily one of shape; it is a slow change which is not complete until above the level of follicle constriction. The cuboidal cells, already described, are sheared into the imbricate condition seen in the final cuticle. During this process there are a few intracellular modifications but no sign of keratin synthesis. A polarisation develops which is shown by the nucleus moving toward the cortical side of the cell (Fig. 2.3 ) and by the Golgi complex moving to the perinuclear zone away from the cortex. As the cell tilts the nucleus moves to the lower end of the cell and is squashed into a disc-like shape; but its internal structure is unchanged.
The other modification observed in the cuticle cell during this stage of its development is the production of an amorphous or perhaps a very fine granular (< 50 A) material, which lines the inner side of the plasma membrane to a depth of several hundred angstroms ( Fig. 2.4 ). The plasma membranes themselves remain as single dense lines about 150 A apart.
The cuticle cells reach their final imbricate condition at a level about two to three times the height of the papilla or 400-500/z from the germinal layer. At this point there occurs simultaneously the formation of a number of intercellular sheets and the first appearance of keratin. It was observed that, in several hairs, this particular level of the cuticle coincided with the level at which the trichohyaline of the Henle cells becomes fibrous (see Part 3). The two plasma membranes separate to about twice their original width and sheets of dense material appear in the enlarged intercellular spaces. These sheets consist of two thin very dense layers separated by a central, thicker, less dense layer which is sometimes divided by another thin, dense layer. The whole complex is separated from the adjacent plasma membranes by narrow light spaces (Figs. 2.5 and 2.6, Text- fig. 2.1D ).
An intercellular complex occurs also between the inner root sheath cells (see Part 3) and therefore its significance will be discussed in the third paper of this series.
The keratin of the cuticle first appears as small amorphous droplets about 300 A in diameter (Fig. 2.5 ). They move towards the sheath side of the cuticle cell, and coalesce in larger lumps which remain separated from the plasma membrane by a narrow space. The keratin, as it collects, tends to form "bars" with small gaps which run toward the cortical side of the cell (Fig. 2.6 ).
The deposition of keratin continues for several hundred angstroms until the bars of keratin extend inwards about two-thirds of the cell width ( Fig. 2.6 ). The spaces between the bars are then filled to form a solid mass of keratin occupying two-thirds of the cell. Simultaneously with this last stage, the remaining cyto-piasm condenses and the small gap between the keratin and the outside membrane of the cell disappears. The resulting cell appears almost homogeneous ( Fig. 2.7) . The fine structure of the intercellular layer is also lost at this stage leaving only a broad band between the two cuticle cells (Text- fig. 2 .1E). The cell now appears as a rigid dehydrated structure and it is presumed that no further morphological changes take place. In the condensed cytoplasm of the cell the nucleus remains as a flattened disc along with the remnants of mitochondria and other inclusions.
Some of the details of the final transformations of the cuticle cell are obscure owing to technical difficulties. The hardness of the fully keratinised structures makes sectioning difficult and the homogeneity of the condensed cell gives poor contrast. However, by examining the final hair after various chemical treatments, a few additional observations were made which confirm the structure of the cuticle cell.
When the residue resulting from prolonged digestion of hair by trypsin was sectioned, it was possible to identify cuticle remnants ( Fig. 2.8 ). The layer corresponding to the condensed cytoplasm is removed, while the keratinised component remains intact. In a second experiment, hair was oxidised with peracetic acid and then extracted with ammonia to remove the keratin type protein (1) . Sections of hair treated in this way ( Fig. 2.9 ) show that the keratinised region of the cell has dissolved, but that the dense outer layer and the condensed cytoplasm remain. In a third experiment hair was fixed for an excessive time with osmium tetroxide, in an attempt to stain the cystine component of the cuticle cell. Sections of this hair ( Fig. 2.10 ) again show that the keratinised region may be distinguished from the condensed cytoplasm and the resistant outer layer of the cell.
DISCUSSION
Differentiation of the Cuticle.--In a differentiated tissue the plasma membranes are usually seen in sections as thin parallel lines separated by a rather constant distance of the order of 100 to 150 A. On the contrary in the undifferentiated matrix of the hair follicle, as pointed out in Part 1, the cell surfaces are wrinkled and intercellular gaps are common. Close contact, with a spacing of the order of 100 to 150 A, is found only over very limited areas. This situation suggests that the membranes of undifferentiated cells are not very sticky. In the presumptive cuticle immediately above the matrix, the areas of close contact increase and, as a consequence, the gaps disappear. This development occurs a little later in the inner root sheath. In the presumptive cortex, on the other hand, the gaps do not disappear until the cells reach the neck of the bulb (Text- fig. 1 .1 in Part I). The existence or absence of intercellular adhesion thus seems to be an early manifestation of differentiation.
The spread of the area of contact between cells seems to be due to the surfaces becoming more sticky and the substance responsible for this change could be the material of low "electron density," which is observed between the plasma membranes when these are in close contact (Text- fig. 2.1B, Fig. 2.2) . The early formation of this adhesive, intercellular substance could thus be a crucial step in the differentiation of the cuticle.
The increased adhesion and the increase in density of the plasma membranes themselves may be factors controlling other aspects of the development of the cuticular layer. Schmitt (10) has shown how a zipper-like spread of the area of contact can convert a layer of cells into a columnar formation. The observed changes in the cuticle seem very like an illustration of this suggestion. Further, the dense, well cemented membranes could easily be supposed to deprive the cells of food and account for their slower rate of synthesis.
In Part 1, it has been suggested that the cell membranes of the cortical cells actively participate in the acquisition of pigment by the phagocytosis of the melanocyte tips. Such an activity would be impossible were the cell membranes firmly cemented together. Since this is the case at the level where the melanocyte processes reach the presumptive cuticle, it may account for the absence of pigment in this layer and in the inner root sheath.
Cell Memtrranes.--Electron micrographs of most cells show that the cytoplasm is bounded externally by a thin, dense membrane which may be called the plasma membrane. Although this membrane is usually less than 30 A thick, it can be thickened and increased in density locally to form the nodes, described in epidermal cells by Porter (8), Selby (11) , and SjtJstrand (13), and observed, in the present work, in the outer root sheath of the hair follicle.
Whether the other layers, often associated with the plasma membrane, are to be regarded as part of the cell membrane is probably largely a matter of definition. When cells are in close contact in a stabilised tissue, the intercellular space (about 100 to 150 A wide) is occupied by a material of rather low electron density. This material, which appears to function as a cement, might be regarded as part of the "cell membrane complex." Robertson (9) for instance, arguing from his observations on the myelin sheath, has suggested that this surface layer, which he supposes is composed of several lipide layers, is an integral part of the cell. However, the observations on epidermal cells show that neither the plasma membrane nor the external layer is constant in morphology. Moreover the external layer seems to be present only between cells in contact and for this reason it may be best regarded as an extracellular secretion.
A third component which is associated with the plasma membrane, is the amorphous layer coating the cytoplasmic side of the cuticle membrane, particularly at the level where the cells tilt. This layer may be a precursor of the extracellular cement, but is probably not an essential part of the plasma membrane. However Mitchison (6) , in his membrane model, has postulated a loosely packed layer of protein in this intracellular region, the function of which is mainly that of a mechanical support.
The Imbricate Condition of the Cutide.--Authors (4, 7), who have examined hair with the light microscope, have attempted to explain the upward tilt of the distal ends of the cuticle cells by supposing that the inner root sheath moves more rapidly than the cortex. There is no convincing electron microscopic evidence for or against this hypothesis. However, since the flattening of the cuticle cells could be explained by Schmitt's hypothesis of a zipper-like spread of cell contacts, i t may be possible to extend the theory to account for the tilt of the cells. It would be necessary to suppose that the cuticle cells stick more strongly to the inner root sheath than to the cortex and creep upwards at their distal tips. This would provide a bias to ensure that the cells would tilt in the observed direction as the cell formation narrows at the neck of the follicle. Keratinisation of the Cutide.--The cortical cell starts making fibrous keratin at the mid-bulb level, while the production of the amorphous keratin in the cuticle starts a distance of several hundred micra later. It is known that the cuticle keratin differs from the cortical fibrous keratin in having a higher sulfur content (3). Its high electron density would also suggest a high concentration of --SI-I; it therefore might be similar to the high sulfur component of the cortex (T-fraction), which is amorphous, and also appears at about this level. (See Part 1.) The residue of the cytoplasm, which occupies the inner region of the flattened cell (Fig. 2.6 ), also undergoes a chemical change and becomes insoluble in keratinolytic solvents.
The distribution of keratin in the cuticle, filling only the outer region of the cell, demonstrates the radial polarisation of the cuticle, which was also shown, by the position of the nucleus and the Golgi complex, at an earlier phase of the cells' development. In this respect the cuticle is unique, since all the other cell layers of the hair have an axial orientation. This layered structure of the cuticle agrees with that earlier inferred from electron microscope studies on fragmented wool cuticle cells (5) .
In addition to the keratinised region and the condensed cytoplasmic region of the cuticle cell, there is also a thin outermost layer which is particularly resistant to both trypsin digestion and keratinolytic attack (Figs. 2.8 and 2.9 ). This layer may be derived either from the extracellular sheets or from the small gap between the plasma membrane of the cell and the keratin layer, which may fill with a resistant material. Unfortunately, not only is the derivation of this layer unknown, but also the nature of the layer on the outermost cuticle cell is uncertain, The membrane complex that forms between the hair cuticle and the cuticle of inner root sheath, is somewhat different from the intercuticular sheets; but the fate of this membrane, when the inner root sheath breaks down, was not observed.
This resistant layer on the surface of the cuticle may be related to the existence of a thin resistant membrane called the "epicuticle." This structure has been postulated to explain the production of bubbles and continuous tubules, which can be separated from the hair by various chemical treatments (5) . If the resistant layer, which has been described above, is part of the extracellular complex membrane, then it will form a continuous extracellular sheath to the cuticle cells. Even if the resistant layer is formed intracellularly, it may be that a relatively poor mechanical adhesion between the resistant layer and the keratin layer of the cuticle, would allow this layer to be lifted as a continuous layer from the hair fibre.
SITM~ARY
1. During the early differentiation of the cuticle the cell membranes smooth out and the cells become closely attached over most of their surface. The change seems to be due to a layer of cement which forms between them. The plasma membranes also increase in density.
2. The decreased membrane activity of the cuticle cells may prevent a phagocytosis of the melanocyte processes and thus account for the non-pigmentation of the cuticle.
3. The flattening and imbrication of the cuticle may possibly be explained by a zipper-like spread of cell contacts.
4. Keratinisation of the cuticle occurs at a late stage in its development; the keratin formed is an amorphous type, similar to the ~/-fraction of the cortex which is produced at a similar level.
5. Keratinisation is accompanied by the formation of complex intercellular layers similar to structures observed in the inner root sheath (see Part 3).
6. In the final stage of keratinisation the remaining cytoplasm condenses with the result that the cell is divided into a laminated structure with an outer keratinised layer and an inner layer, which is insoluble in keratinolytic solvents. Inset is a high power micrograph of a region of the two cell membranes at a point where they open up to form an extracellular space. The two parallel membranes in close contact may be seen on the right. The space between them is filled with a layer of cement C. The layer of cement may also be observed lining the membrane around the extracellular space. X 160,000. Fig. 2.2) . Lining the two membranes is the intracellular layer of amorphous material. Both embedded in this material and also free in the cytoplasm are numerous "Palade" particles. In the cell on the right, part of the nucleus (N) may be observed. In both cells there are a few mitochondria. X 60,000.
Fro. 2.5. An electron micrograph of a cross-section through the cuticle at a level where the cells are beginning to synthesise keratin. In the bottom left corner part of the cortex may be seen. The innermost cuticle cell contains a nucleus (N); at this level where the cells are extremely imbricated the nucleus is always at the lower end of the cuticle cell and therefore, in cross-section, appears in the innermost cell. The keratin (K) may be observed as small rounded dense drops which are forming near the sheath side of the cuticle cell; also in the cytoplasm there are numerous granules and a few mitochondria. X 40,000.
Inset is a high power micrograph of the membranes between two cuticle cells at a point where the complex intercellular layer is being formed. At the upper left are the ~wo normal plasma membranes which may be observed to separate and between them (at the bottom right) the complex intercellular layer is present. The parallel intracellular membranes, which may be observed at the point where the layer is formed, we e only occasionally observed. X 200,000. 6. An electron micrograph of a cross-section of the cuticle at a level where the cell is partly keratinised. Three layers of cuticle cells may be seen and beyond them, at the top right, the cuticle of the inner root sheath and in the extreme corner the Huxley layer. The bars of keratin may be seen on the sheath side of the cuticle cell with a small gap between them and the plasma membrane. The remaining cytoplasm is extremely granular. The complex layer may be observed between the cuticle cells. × 40,000.
Inset is a high power micrograph of the complex layer. The small gap between the membrane and the developing mass of keratin may be observed. X 200,000.
FIG. 2.7. A high power electron micrograph of a cross-section of the completely keratinised cuticle cells. The cells appear almost homogeneous; the keratin fills the sheath side of the cell, and the remaining cytoplasm, towards the cortex on the bottom left, is condensed. The two regions may be identified since the condensed cytoplasmic region is not quite so dense, and more granular than, the keratin. The central cuticle cell contains part of the pyknotic nucleus which has been forced toward the cortical side of the cell by the developing keratin. The complex intercellular layer has also lost its fine structure and become uniformly dense. X 120,000. FIG. 2. 8. An electron micrograph of a cross-section of a single cuticle cell isolated from wool by tryptic digestion (7 days at pH 8.6 at 40°C.). The presumed position of the inner membrane of the cell is shown by a dotted line; the condensed cytoplasmic region of the cell, which lies between this line and the remaining part of the cell, has been extracted by the trypsin. The keratinised region is unattacked; the thin dense layer above the keratin, which is also resistant, may be observed. X 24,000. FIG. 2. 9. An electron micrograph of a cross-section of a wool fibre that has been oxidised with peracetic acid and extracted with ammonia in order to remove the keratin of the cell. The micrograph shows that the leading edge of the cell appears as a thin dense line (a) which is resistant. The keratinised region (b) is extracted, while the condensed cytoplasmic region of the cell (c) remains unattacked. X 24,000. FIG. 2. 10. An electron micrograph of a cross-section of the hair cuticle after prolonged fixation (48 hours at room temperature) with osmium tetroxide. The resistant leading edge of the cuticle is selectively stained by this procedure (cf. Fig. 2.7) . There is also a slight differential staining of the keratinised region relative to the cytoplasmic region. X 24,000. 
